G protein-gated inwardly rectifying potassium (GIRK) channels are critical regulators of neuronal excitability and can be directly activated by ethanol. Constitutive deletion of the GIRK3 subunit has minimal phenotypic consequences, except in response to drugs of abuse. Here we investigated how the GIRK3 subunit contributes to the cellular and behavioral effects of ethanol, as well as to voluntary ethanol consumption. We found that constitutive deletion of GIRK3 in knockout (KO) mice selectively increased ethanol bingelike drinking, without affecting ethanol metabolism, sensitivity to ethanol intoxication, or continuous-access drinking. Virally mediated expression of GIRK3 in the ventral tegmental area (VTA) reversed the phenotype of GIRK3 KO mice and further decreased the intake of their wild-type counterparts. In addition, GIRK3 KO mice showed a blunted response of the mesolimbic dopaminergic (DA) pathway to ethanol, as assessed by ethanol-induced excitation of VTA neurons and DA release in the nucleus accumbens. These findings support the notion that the subunit composition of VTA GIRK channels is a critical determinant of DA neuron sensitivity to drugs of abuse. Furthermore, our study reveals the behavioral impact of this cellular effect, whereby the level of GIRK3 expression in the VTA tunes ethanol intake under binge-type conditions: the more GIRK3, the less ethanol drinking.
G
protein-gated inwardly rectifying potassium (GIRK) channels mediate slow inhibitory postsynaptic potentials following activation of G i/o -coupled receptors, thereby regulating membrane excitability in neuronal, cardiac, and endocrine cells. In neurons, GIRK channels exist as GIRK2 homotetramers or heterotetramers of GIRK1, GIRK2, and/or GIRK3 (reviewed in ref. 1) . Despite overlapping distributions in the central nervous system, the three subunits exhibit cell type-specific patterns of expression within some brain regions (2) (3) (4) (5) (6) (7) . In particular, in the ventral tegmental area (VTA), dopaminergic (DA) neurons express only GIRK2 and GIRK3, whereas non-DA neurons also express GIRK1, a discrepancy that drives differential sensitivity of the two cell populations to G i/o -coupled receptor (e.g., GABA B receptor) activation (8) (9) (10) .
In addition to their activation by G i/o -coupled receptors, GIRK channels also can be directly activated by ethanol (11) (12) (13) (14) . The behavioral significance of GIRK channel activation by ethanol (either directly or through G proteins) is poorly understood, however. GIRK2 knockout (KO) mice are less sensitive to ethanol's rewarding and aversive effects, as measured in conditioned place preference and conditioned taste aversion tests (15) . Ethanol-induced locomotor stimulation, anxiolytic-like effect, and withdrawal severity are also blunted in the absence of GIRK2 (16) . Constitutive GIRK2 deletion produces numerous behavioral abnormalities, however, including increased seizure susceptibility, reduced anxiety-like behavior, hyperactivity, hyperalgesia, and enhanced operant response for food, making it difficult to interpret the effects of ethanol in GIRK2 KO mice (reviewed in ref. 17 ). In contrast, GIRK3 KO mice are indistinguishable from wild-type (WT) mice in many behavioral assays (e.g., locomotor activity, anxiety-like behavior, motor balance, response for food), suggesting that GIRK3 subunits contribute in a more subtle manner to the function of GIRK channels in vivo (18, 19) ; however, GIRK3 KO mice exhibit reduced response for cocaine self-administration and blunted hyperexcitability during withdrawal from sedative-hypnotic drugs, suggesting that GIRK3 plays an important role in the neuronal activity and plasticity evoked by drugs of abuse (20, 21) .
In the present study, we examined the contribution of GIRK3 to the cellular and behavioral effects of ethanol, as well as to ethanol consumption. We show that GIRK3 in VTA neurons is essential for the activation of the mesolimbic DA system by ethanol, and that it selectively modulates binge-like drinking without influencing behavioral manifestations of ethanol intoxication. Our findings support the notion that the subunit composition of VTA GIRK channels is a critical determinant of DA neuron sensitivity to drugs of abuse (9, 10, 22) .
Results

GIRK3 Deletion Does Not Alter Ethanol Metabolism and Intoxication,
but Reduces Withdrawal-Induced Hyperexcitability. We assessed whether the absence of GIRK3 alters ethanol metabolism by measuring blood alcohol level (BAL) over the course of 4 h after the i.p. injection of 2 g/kg ethanol in WT and GIRK3 KO mice (cohort 1; Fig. 1 A and B) . BAL was negatively correlated with time in both WT (R 2 = 0.98; P ≤ 0.001) and GIRK3 KO (R 2 = 0.98; P ≤ 0.001) mice, and there was no effect of genotype [F 1,6 = 0.89; P, not significant (n.s.)] and no interaction between time and genotype (F 3,18 = 0.83; P, n.s.).
Significance
G protein-gated inwardly rectifying potassium (GIRK) channels regulate neuronal excitability and can be activated by ethanol. The role of GIRK channels in the behavioral effects of ethanol is poorly understood, however. This study shows that genetic ablation of GIRK3, one of four GIRK subunits, prevents ethanol from activating the mesolimbic dopaminergic pathway, a neuronal circuit subserving the motivation to seek reward (incentive salience), and enhances binge-like drinking. Conversely, increasing GIRK3 expression in the ventral midbrain, where this pathway originates, reduces binge-like drinking. Thus, GIRK3 appears to be a critical gatekeeper of ethanol incentive salience and a potential target for the treatment of excessive ethanol consumption.
We then evaluated the impact of GIRK3 deletion on the sensitivity to acute ethanol exposure by comparing WT and GIRK3 KO mice in a series of behavioral tests (cohort 2; Fig.  1A ). Ethanol (1.5 g/kg i.p.) reduced the ability of the mice to stay on a rotating rod (F 1,28 = 14.6; P ≤ 0.001) to the same extent in WT and GIRK3 KO mice (F 1,28 = 0.3; P, n.s.) (Fig. 1C) . Likewise, the duration of ethanol (4 g/kg i.p.)-induced loss-of-righting reflex and BAL at recovery were not affected by GIRK3 deletion (t 12 = −0.4; P, n.s. and t 12 = 0.4; P, n.s., respectively) (Fig. 1D) .
WT and GIRK3 KO mice did not differ in baseline body temperature (t 30 = −0.5; P, n.s.) or the hypothermic effect of ethanol (4 g/kg, i.p.; F 1,28 = 332.2; P ≤ 0.001) was insensitive to the absence of GIRK3 (F 1,28 = 0.001; P, n.s.) (Fig. 1E) . In contrast, handling-induced convulsions (HICs), which peaked at 8 h into withdrawal in the WT mice (saline vs. ethanol, U 14 = 13.5; P ≤ 0.05), were abolished in KO mice (saline vs. ethanol: U 14 = 30.0; P, n.s.; WT vs. KO: U 14 = 15; P ≤ 0.05) (Fig. 1F) . The latter finding is consistent with a previous report showing that GIRK3 KO mice backcrossed on a DBA/2J background experience less severe withdrawal from sedative-hypnotic drugs (including ethanol) compared with their WT counterparts (20) . Both genotypes were equally sensitive to the initial sedative effect of ethanol (at 2 h: WT, U 14 = 10.5; P ≤ 0.01; KO, U 14 = 4.5; P ≤ 0.001; at 4 h: WT, U 14 = 14, P ≤ 0.05; KO, U 14 = 11.5, P ≤ 0.05; no significant difference between genotypes at either time point), in accordance with the findings of the loss of righting reflex experiment.
GIRK3 in the VTA Moderates Binge-Like Drinking. We next examined whether the absence of GIRK3 affects voluntary ethanol drinking ( Fig. 2A) . When given limited access to ethanol (2-h twobottle choice; cohort 3), GIRK3 KO mice consumed more ethanol than their WT counterparts (t 28 = 3.7; P ≤ 0.001) (Fig. 2B ). Under these experimental conditions, water intake was very limited in both genotypes, thereby precluding the detection of a potential genotype effect on ethanol preference (t 28 = 0.5; P, n.s.) (Fig. 2B) . A different group of WT and KO mice (cohort 4) was given continuous access to ethanol, and the two genotypes stabilized their intake at similar levels (t 38 = 0.1; P, n.s.), with equivalent selectivity for the ethanol solution (t 38 = -0.2; P, n.s.) (Fig. 2C) . However, when the same mice were then offered limited access to a single bottle of ethanol (4-h sessions), an effect of genotype again became evident, with KO mice drinking more ethanol than WT mice, particularly during the early phase of the session (0-2 h: t 38 = 2.6; P ≤ 0.01; 2-4 h: t 38 = 1.4; P, n.s.; 0-4 h: t 38 = 2.6; P ≤ 0.01) (Fig. 2D) . Taken together, these results suggest that GIRK3 subunits exert an inhibitory influence on binge-like drinking.
GIRK3 subunits are expressed throughout the central nervous system (2), making it difficult to ascribe the effect of GIRK3 deletion on binge-like drinking to a particular brain region. GIRK2/3 channels in VTA DA neurons recently have been implicated in regulating the sensitivity to γ-hydroxybutyrate (GHB) and cocaine (9, 10, 22) , however, suggesting a potential neuroanatomical substrate mediating the role of GIRK3 in ethanol drinking. To examine this possibility, we injected mice with a lentiviral (LV) vector expressing either YFP-GIRK3 or GFP (negative control) in the VTA (cohort 4; Fig. 2F ). As expected from the broad tropism of LV vectors and the CaMKII promoter driving transgene expression, the reporters (YFP/GFP) were detected in both DA [tyrosine hydroxylase (TH)-positive] and non-DA (TH-negative) cells (Fig. 2G) . Expression of YFP-GIRK3, but not of GFP alone, in the VTA of GIRK3 KO mice restored ethanol intake to WT levels (Fig. 2E) . Specifically, virally mediated expression of GIRK3 in the VTA lowered ethanol intake in both genotypes in the early phase of the drinking session (Fig. 2E) , as reflected by a vector effect (0-2 h: F 1,28 = 4.5; P ≤ 0.05; 2-4 h: F 1,28 = 0.8; P, n.s.; 0-4 h: F 1,28 = 3.7; P = 0.07) and the lack of a vector × genotype interaction (0-2 h: F 1,28 = 0.02; P, n.s.; 2-4 h: F 1,28 = 0.08; P, n.s.; 0-4 h: F 1,28 = 0.05; P, n.s.). The effect of genotype was no longer significant after injection of the vectors (0-2 h: F 1,28 = 2.7; P, n.s.; 0-4 h: F 1,28 = 3.7; P = 0.07). Thus, the level of GIRK3 expression in the VTA appears to determine ethanol consumption under binge-type conditions, raising the possibility that GIRK3 modulates the response of the mesolimbic DA pathway to ethanol. To further explore the role of GIRK3 in the VTA, we examined the ability of ethanol to activate VTA neurons in acutely prepared brain slices from WT and GIRK3 KO mice (23, 24) . Recordings were obtained from VTA neurons displaying a stable and sustained firing rate. Single-cell reverse transcription (RT) followed by seminested PCR was conducted to determine the phenotype of a subset of VTA neurons selected using this criterion (Fig. S1 ). We detected TH expression in the majority of the samples (24 of 31 neurons; 77%), in accordance with the results of a previous study conducted by the same experimenter (M.A.H.) in the mouse VTA (25) . The baseline firing discharge frequency of VTA neurons did not differ between WT and GIRK3 KO mice (t 42 = 0.3; P, n.s.) ( Fig. 3 A and B and Fig. S1 ), as reported previously (19) . In addition, the firing frequency coefficient of variation and event duration were distributed similarly in WT and GIRK3 KO mice (Fig. S1 ). Superfusion of 25 mM ethanol did not alter VTA neuron firing in either WT or GIRK3 KO mice ( Fig. 3C and Fig. S2) ; however, superfusion of 50 mM or 100 mM ethanol increased firing in WT neurons, in accordance with previous reports (26) , but failed to do so in KO neurons ( Fig. 3 A and C and Fig. S2 ). We evaluated the effect of ethanol by repeated-measures ANOVA of firing frequencies before and after ethanol superfusion, and found a significant interaction between ethanol and genotype (F 1,38 = 9.0; P ≤ 0.01). Post hoc analysis indicated that ethanol increased firing selectively in WT neurons (P ≤ 0.001), whereas KO neurons were insensitive to ethanol even at the highest concentration.
GIRK3 Deletion Prevents Ethanol-Induced Release of DA in the Nucleus
Accumbens. VTA DA neurons project in part to the ventral striatum, thereby forming the mesolimbic DA pathway. This neuronal circuit subserves the motivation to seek reward, and release of DA in the nucleus accumbens (NAc) on exposure to drugs of abuse is thought to encode their incentive salience (27) . Thus, we hypothesized that the inability of ethanol to increase the firing of VTA neurons in GIRK3 KO mice might lead to reduced DA release in the NAc of mice receiving ethanol in vivo (28) . To investigate this possibility, we used microdialysis to measure DA extracellular levels in the NAc of WT and GIRK3 KO mice (Fig. 4) . Baseline NAc DA levels did not differ between GIRK3 WT and KO mice (t 31 = 0.6; P, n.s.) (Fig. 4A ). Ethanol (2 g/kg i.p.) increased NAc DA levels in WT mice [area under the curve AUC) = 148.0 ± 55.9; t 15 = 3.4; P ≤ 0.01], but had no effect in KO mice (AUC = −16.24 ± 72.1; t 16 = -0.2; P, n.s.; WT vs. KO: t 31 = −2.5; P ≤ 0.05). Accordingly, repeated-measures ANOVA revealed a significant time × genotype interaction (F 12,372 = 2.3; P ≤ 0.01) (Fig. 4B) . These results indicate that the GIRK3 subunit is critical to activation of the mesolimbic DA pathway by ethanol. Discussion GIRK3 deletion selectively increased ethanol binge-like drinking without affecting the sensitivity to ethanol intoxication. WT and GIRK3 KO mice metabolized ethanol at the same rate, thus ruling out the possibility that voluntary drinking increased as a result of accelerated ethanol clearance. It is noteworthy that GIRK3 deletion did not alter ethanol consumption under a continuous schedule of access or in the later part of a 4-h session. This finding points to a selective effect on drinking activity associated with intoxication (as defined by a BAL >80 mg/dL), given that continuous access to ethanol leads to sporadic bouts of drinking and produces only brief peaks of intoxication (29, 30) , whereas limited access leads to binging and produces BALs that positively correlate with intake in C57BL/6J mice (31) (32) (33) . Furthermore, the effect of GIRK3 deletion on binge-like drinking could be reversed by virally mediated expression of GIRK3 in the VTA, and was associated with a blunted response of the mesolimbic DA pathway to ethanol, as demonstrated by ethanolinduced excitation of VTA neurons and DA release in the NAc.
These findings suggest that the increased binge-like ethanol consumption of GIRK3 KO mice results from their insensitivity to ethanol-induced excitation of VTA DA neurons, which leads them to drink more ethanol than WT mice to achieve sufficient activation of the other neuronal circuits mediating the reinforcing effects of ethanol consumption (reviewed in ref. 34) . A similar mechanism may underlie the differential ethanol intake of two mouse strains, C57BL/6J and DBA/2J. DBA/2J mice consume less ethanol than C57BL/6J mice in various ethanol self-administration paradigms, and ethanol excites VTA neurons more potently in DBA/2J mice than in C57BL/6J mice (26, (35) (36) (37) . In addition, GIRK3 mRNA is expressed at higher levels in the brain, and in the midbrain in particular, of DBA/2J mice compared with C57BL/6J mice (20, 38) . Overall, it appears that levels of GIRK3 expression in the VTA negatively correlate with ethanol drinking: the more GIRK3, the less ethanol consumption.
Ethanol exerts pleiotropic effects on neurotransmission and neuronal activity in the VTA. It should be noted that the concentrations of ethanol required to induce these effects are typically higher than those consistent with social drinking (e.g., 25-50 mM, with a BAL of 80 mg/dL corresponding to 17.4 mM), suggesting that the action of ethanol on the mesolimbic DA pathway only partially mediates its reinforcing effects in vivo. The net effect of ethanol on the activity of VTA DA neurons results from the summation of excitatory and inhibitory influences, including (i) direct excitation (23, 39) ; (ii) indirect excitation, via enhancement of glutamatergic input (40); (iii) disinhibition, via suppression of GABAergic input (41) (42) (43) ; and, in other instances, (iv) indirect inhibition, via enhancement of GABAergic transmission (44) (45) (46) (47) . Continuous 2BC 6 days (Fig. 2C) Limited-access 1 bottle 9 sessions (Fig. 2D and 2E) Limited-access 1 bottle 3 sessions (Fig. 2E) Limited-access 1 bottle
Limited-access 2BC 10 sessions (Fig. 2B) A GIRK channels have been shown to modulate some of these effects, suggesting several ways in which the absence of GIRK3 could blunt the responsiveness of VTA DA neurons to ethanol. First, GIRK channels shape the increase in firing rate elicited by ethanol in VTA DA neurons (48) . According to the mechanism proposed by McDaid et al. (48) , activation of GIRK channels by ethanol produces a hyperpolarizing potential that opens hyperpolarization-activated cyclic nucleotide-gated (I h ) channels, which in turn decreases local membrane resistance and facilitates action potential generation, while simultaneously shunting the effect of the initial GIRK-dependent hyperpolarization. Thus, a reduction in I h could decrease the response of VTA DA neurons to ethanol; however, I h current amplitude is not altered in GIRK3 KO mice (19) . Alternatively, stronger activation of GIRK channels by ethanol could counteract the depolarizing effect of I h channels, thereby inhibiting an ethanol-induced increase in firing. This could result from enhanced surface expression of GIRK channels. Indeed, GIRK3 lacks an endoplasmic reticulum export signal and harbors a lysosomal targeting signal, two features that inhibit surface expression of GIRK3-containing tetramers (49) . The peak amplitude of GABA B -GIRK currents in VTA DA neurons of GIRK3 KO mice is either unchanged (19) or slightly reduced (10), however, suggesting that surface trafficking of GIRK2 homomers is not facilitated in these neurons. On the other hand, the altered subunit composition of GIRK channels expressed in GIRK3 KO mice could mediate a differential sensitivity to ethanol-induced activation. The presence of GIRK3 has been shown to reduce the coupling of GABA B receptors to GIRK channels through the selective interaction of GIRK3 with the regulator of G protein signaling 2 [RGS2 (10)], a mechanism that also could lower the sensitivity to ethanol-induced activation given the overlap between Gβγ and ethanol-binding sites (11, 12, 50) .
Along similar lines, activation of GIRK channels by ethanol can potentiate GABA B -mediated inhibitory postsynaptic potentials in VTA DA neurons (51) . GABA B receptors on VTA DA neurons are selectively activated by GABAergic inputs from the ventral pallidum, and inhibiting these afferents increases the population activity of VTA DA neurons and DA release in the NAc (52, 53) . Thus, the potentiation of GABA B -GIRK coupling by ethanol would reduce VTA DA neuron firing and DA efflux in the NAc, and, as proposed above, the phenotype of GIRK3 KO mice could be explained by stronger activation of GIRK currents coupled to GABA B receptors.
Alternatively, the effect of GIRK3 deletion on ethanol-induced excitation of VTA DA neurons could be mediated by presynaptic mechanisms. GIRK channels located on presynaptic terminals have been shown to reduce GABA release onto VTA DA neurons after activation of DA D2 or GABA B receptors (54) . Activation of presynaptic GIRK channels by ethanol would be expected to disinhibit VTA DA neurons, leading to an increase in VTA DA neuron firing. Thus, the hyporesponsiveness of VTA DA neurons to ethanol in GIRK3 KO mice could result from weaker activation of presynaptic GIRK channels located on GABAergic afferents. GIRK3 subunits are found in axon terminals in greater proportions than GIRK1 and GIRK2 in the hippocampus (6) . If the same holds true in the VTA, then the density of GIRK channels found on GABA terminals may be lower in GIRK3 KO mice, which could underlie the reduced effect of ethanol on VTA DA neuron firing in these mice. In addition, constitutive GIRK3 deletion has been shown to downregulate the brain-wide protein levels of GIRK1 (55) . In the VTA, this effect would selectively reduce GIRK currents in GABAergic interneurons, because DA neurons do not express GIRK1 (9) , and thus could diminish the ethanol-induced disinhibition of VTA DA neurons in GIRK3 KO mice.
Finally, withdrawal from repeated ethanol exposure sensitizes GIRK coupling to DA D2 receptors, thereby enhancing D2-mediated autoinhibition of VTA DA neurons, without affecting GIRK coupling to GABA B receptors (56) . The resulting hypodopaminergic state could contribute to increased ethanol drinking (57, 58) . This phenomenon is unlikely to underlie the binge-like drinking phenotype seen in GIRK3 KO mice, however, given that baseline VTA DA neuron activity is not altered in these mice; that is, they do not suffer from a preexisting hypodopaminergic state (19 and the present study). Moreover, increased binge-like drinking was already evident during the first sessions; that is, the GIRK3 KO phenotype did not require multiple exposures to ethanol intoxication and withdrawal.
It seems counterintuitive that constitutive deletion of GIRK3 reduces cocaine self-administration (20, 21) but increases bingelike ethanol drinking (this study). This discrepancy may result from the different sites of action of the two drugs, with cocaine acting on monoamine transporters and engaging GIRK channels downstream of monoamine signaling and ethanol acting directly on GIRK channels or engaging GIRK channels coupled to GABA B receptors, for instance (51) . Thus, GIRK3-containing channels engaged by these two drugs may be located in distinct neuronal subpopulations or circuits, which could lead to divergent consequences of GIRK3 deletion on the rewarding properties of cocaine and ethanol.
Importantly, our study shows that the ability of GIRK3 to gate ethanol-induced activation of the mesolimbic DA system has functional consequences at the behavioral level, with a specific impact on binge-like drinking. This result, combined with the lack of effect of GIRK3 deletion on baseline behavior, opens up a putative avenue for curbing excessive ethanol consumption in binge drinkers without producing major side effects. The therapeutic potential of small molecules modulating the activity of GIRK channels is already being actively explored for various pathologies (reviewed in ref. 17) . In particular, ML297, a compound that selectively activates GIRK1-containing heteromers, shows promising antiepileptic and anxiolytic properties while being devoid of sedative and rewarding effects (59, 60) . Our present results and previous findings (15, 16) indicate that a molecule selectively targeting GIRK2/3 heteromers could be effective at blunting the reinforcing effects of ethanol. An alternative approach would be to target interaction partners that are known to regulate the G protein coupling or subcellular localization of GIRK3, such as RGS2 (10), sorting nexin 27 (22, 61, 62) , neural cell adhesion molecule, or neurotrophin receptor TrkB (63) . Based on the implied role of GIRK3 in the response to GHB and psychostimulants, such strategies could have benefits in the treatment of drug abuse beyond ethanol drinking (9, 10, 22) .
Materials and Methods
Animals. GIRK3 KO mice were generated by homologous recombination (55) and were backcrossed onto the C57BL/6J background for more than 10 generations. WT and GIRK3 KO littermates were bred at The Scripps Research Institute in a temperature-controlled (22°C) vivarium. Mice were maintained on a 12-h/12-h light/dark cycle. Food (standard rodent chow; Harlan Teklad) was available ad libitum at all times. Only males were used in the experiments. Mice were at least 10 wk old when BAL time course, behavioral testing, and dialysis were performed. Mice used for electrophysiological recordings were between 8 and 10 wk old. All behavioral and dialysis experiments were conducted during the dark phase, and mice were acclimated to changes in the circadian light cycle for at least 1 wk. Behavioral Testing. Three independent cohorts of mice were used in the behavioral experiments (Figs. 1A and 2A) . Cohort 2 was used to assess the acute effects of ethanol (e.g., ataxia, sedation, hypothermia, handlinginduced convulsions). Cohort 3 was tested in a limited-access two-bottle choice (2BC) paradigm of ethanol drinking for 10 sessions. Cohort 4 was first subjected to continuous 2BC for 6 d, and then switched to limited-access single-bottle ethanol drinking for nine sessions. These mice were then injected with LV vectors and were given 3 wk to recover before drinking sessions were resumed for three additional sessions.
For drinking experiments, 50-mL conical tubes fitted with a size 6 rubber stopper and 2.5" stainless steel straight ball tube (Ancare) were used as bottles. Ethanol solutions were prepared with 95% ethanol (Pharmco-AAPER) and acidified water. Mice were weighed on a weekly basis to calculate ethanol intake in grams per kilogram of body weight. Acute effects of ethanol. Mice (WT, n = 16; KO, n = 16) were first trained to balance on an accelerating rotarod for six trials (10 rpm per min acceleration; Rotarod Series 8; IITC Life Sciences). Speed at fall was recorded by a computer. Then, 2 wk later, mice were injected i.p. with 1.5 g/kg ethanol or saline (between-subject design; n = 8 mice of each genotype per treatment) and were retested on the accelerating Rotarod 30 min later. Speed at fall on three consecutive trials was averaged. At 2 wk later, baseline rectal body temperatures were measured using a digital thermometer (probe inserted 1.5 cm into the rectum), and baseline HICs were determined (see below). Some mice (WT, n = 7; KO, n = 9) were then injected i.p. with 4 g/kg ethanol, which resulted in the loss of righting reflex (i.e., sleeping). The time at which each mouse regained its righting reflex (i.e., ability to return to a standing position when placed on its back) was recorded, and a tail blood sample was obtained for determination of BAL at recovery. The other mice (WT, n = 9; KO, n = 7) were injected i.p. with saline. Body temperature was measured at 60 and 120 min postinjection and HICs were determined at 2, 4, 8, and 12 h postinjection in both saline-and ethanol-treated mice. HIC scoring was done on a 7-point scale ranging from facial grimace to spontaneous severe tonic-clonic convulsions (65) . In brief, each mouse was picked up by the tail, and if lifting failed to elicit a convulsion, it was gently spun through a 180°arc by rubbing the tail between the thumb and forefinger. Ethanol drinking.
Limited-access two-bottle. Mice were transferred to individual cages and offered access to two bottles, one containing ethanol (15% w:v) and the other containing water, for 2 h per day starting 3 h into the dark phase, 5 days a week (Monday through Friday). Bottles were weighed and their positions inverted daily. Mice were group-housed in their home cage and had access to a standard water bottle the rest of the time.
Continuous-access two-bottle. Mice were single-housed and were offered continuous access to two bottles, one containing ethanol (15% v:v) and the other containing water. Bottles were weighed and their positions inverted daily, Monday through Saturday, 3 h into the dark phase.
Limited-access single-bottle. Mice were single-housed and were offered access to a single bottle of ethanol (20% v:v) for 4 h per day starting 2 h into the dark phase, 3 days a week (Monday, Wednesday, and Friday). Bottles were weighed 2 h into the session and at the end of the session. A standard water bottle was available the rest of the time.
Electrophysiology. Brain slice preparation. Brain slices containing the VTA were prepared as described previously (66) from WT (n = 8) and GIRK3 KO (n = 6) mice. In brief, mice were anesthetized (3-5% isoflurane) and promptly decapitated, and brains were placed in an ice-cold sucrose solution containing 206.0 mM sucrose, 2.5 mM KCl, 0.5 mM CaCl 2 , 7.0 mM MgCl 2 , 1.2 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 5.0 mM glucose, and 5 mM Hepes. Brains were cut into 300-μm transverse sections on a vibrating microtome (VT1000S; Leica Microsystems) and placed into oxygenated (95% O 2 /5% CO 2 ) artificial cerebrospinal fluid (aCSF) solution composed of 130 mM NaCl, 3.5 mM KCl, 1.25 mM NaH 2 PO 4 , 1.5 mM MgSO 4 ·7H 2 O, 2.0 mM CaCl 2 , 24 mM NaHCO 3 , and 10 mM glucose. Slices were incubated in this solution for 30 min at 35-37°C, followed by a 30-min equilibration at room temperature (21-22°C). Following equilibration, a single slice was transferred to a recording chamber mounted on the stage of an upright microscope (Olympus BX50WI). Recordings. VTA neurons were visualized using infrared differential interference contrast optics and an EXi Aqua camera (QImaging). A 60× magnification water immersion objective (Olympus) was used for identifying and approaching neurons. Juxtacellular (cell-attached) recordings were made with patch pipettes (3-5 MΩ; Warner Instruments) filled with aCSF coupled to a Multiclamp 700B amplifier, low-pass filtered at 2-5 kHz, digitized (Digidata 1440A digitizer), and stored on a computer using pClamp 10 software (Molecular Devices). aCSF was used as the pipette solution so as not to artificially disturb the ionic balance of the neuronal membrane (67) .
Cell-attached recordings were performed in a gap-free acquisition mode with a sampling rate per signal of 10 kHz or a total data throughput equal to 20 kHz (2.29 MB/min). Neurons exhibiting stable and sustained firing were selected to test the effect of ethanol. Ethanol was prepared in aCSF and applied by bath superfusion at a final concentration of 25, 50, or 100 mM for a period of 8-10 min. The frequency of firing discharge was evaluated by threshold-based event detection analysis in Clampfit 10.2 (Molecular Devices). Event duration was determined as the time to antipeak. Baseline firing discharge was determined from a 1-to 3-min sample after stabilization, and firing discharge in the presence of ethanol was determined from a 1-to 3-min sample after full wash-in.
Microdialysis. Microdialysis evaluations of ethanol-induced increases in NAc DA levels were performed following previously described procedures (68) . Data were collected from two independent cohorts (cohort 5: WT, n = 8; KO, n = 9; cohort 6: WT, n = 8; KO, n = 8) and pooled together, because there was no significant difference between baseline NAc DA level and ethanol effect for each genotype between the two cohorts. In brief, experimentally naïve mice were implanted stereotaxically with microdialysis probes with a 1-mm active membrane length localized in the NAc (relative to bregma: +1.5 mm AP, ±0.8 mm ML, and -5.0 mm V from skull) (69) . After at least 12 h of postimplantation, equilibration dialysate samples were collected at 10-min intervals using an aCSF perfusate (149 mM NaCl, 2.8 mM KCl, 1.2 mM CaCl 2 , 1.2 mM MgCl 2 , 0.25 mM ascorbate, and 5.4 mM D-glucose; pH 7.2-7.4) delivered at 0.6 μL/min. Samples were collected during a 40-min baseline period and for 90 min after a 2-g/kg i.p. ethanol challenge. This ethanol dose results in intoxicating BALs during ∼3 h postinjection (Fig. 1B) . On collection, each sample was immediately frozen and subsequently stored at −80°C. Dialysate DA content was quantified using HPLCy coupled with electrochemical detection (model HTEC-500; EiCOM) as described previously (68) .
LV Vector Injection, In Situ Hybridization, Single-Cell RT-PCR, and Data Analysis. These procedures are described in detail in SI Text and Fig. S3 .
